Abstract. C3H/10T1/2 mouse embryo fibroblasts were stimulated by a steady electric field ranging up to 10 V/cm. Some cells elongated and aligned perpendicular to the field direction. A preferential positional shift toward the cathode was observed which was inhibited by the calcium channel blocker D-600 and the calmodulin antagonist trifluoperazine. Rhodaminephalloidin labeling of actin filaments revealed a fieldinduced disorganization of the stress fiber pattern, which was reduced when stimulation was conducted in calcium-depleted buffer or in buffer containing calcium antagonist CoC12, calcium channel blocker D-600, or calmodulin antagonist trifluoperazine. Treatment with calcium ionophore A23187 had similar effects, except that the presence of D-600 did not reduce the stress fiber disruption.
D
RECTED and coordinated cell movement plays a determining role during embryonic development and wound healing. In motile tissue cells such as fibroblasts and epithelial cells, natural movement is generated by localized instabilities of the cell periphery that allow one or more leading lamellae to extend outward (19) . The propulsive forces responsible for lamellar extension are generated by a mechanism believed to be regulated by calcium (5, 34) , and the direction of movement is dictated by the broadest and strongest leading lamella (1, 43) . Several factors are believed to direct cell shape changes and movement. These include intrinsic factors programmed within the cell as well as extrinsic influences such as chemotaxis, galvanotaxis (electric field directed), contact guidance, haptotaxis, and contact inhibition (43) .
Recently, the role played by electric fields has attracted the research efforts of a number of investigators (30) . This influence was first studied by Verworn in 1889 (44) , and many of the related early works were reviewed by Lund in 1947 (24) . In 1966 Jaffe demonstrated that developing Fucus zygotes in a multi-cell system generates endogenous transcellular currents (22) . The need for spatial and temporal resolution led to the development of the ultrasensitive vibrating probe technique (23) , and since then numerous laboratories have been able to measure ionic current patterns in developing embryonic systems (29) and at sites of injury (7) . In the past few years, there has also been a growing interest in the effects of an applied electric field on cells in culture (38) .
In an earlier work, we observed the electric field-induced cell shape changes and preferential alignment of C3H/10T1/2 mouse embryo fibroblasts (47) . Subsequently, we provided evidence showing that the response was mediated through an influx of calcium across the plasma membrane (possibly localized) and that the calcium-binding protein calmodulin may be involved (32) . We report here a preferential positional shift of the cells toward the cathode. Using the photoprotein aequorin and the actin-binding probe rhodaminephalloidin, we observed an electric field-induced increase in intracellular-free calcium levels and a disruption of cytoskeletal stress fiber organization. All responses were inhibited by blocking calcium influx across the plasma membrane. We propose a mechanism to explain the observed field-directed cell shape changes, preferential orientation, and displacement.
tween coverslips on a glass slide. At either end of the trough was a fluid reservoir, and two 10-cm-long 2 % agar bridges connected the two reservoirs to platinum electrodes immersed in buffer. The electric field was provided by a voltage-regulated power supply and continuously monitored by two platinum tips immersed at the ends of the trough. All experiments were carried out at room temperature. Normally, the coverslips containing the cells were taken from the culture medium and rinsed once in buffer for 5 min, then incubated in their respective experimental solution for 5 min before field application (in some experiments culture media was used during field application). In the case of D-600 treatment, incubation time was 15 min. The coverslips were then sealed cellside down onto the trough with vacuum grease. At a typical field strength of 10 V/cm, the current through the trough was 'x,2.5 mA and the steadystate temperature after 2 min was "o27°C.
Cell Scoring
Cell viability immediately after experiments was determined by the trypan blue (diluted 1:1,000) exclusion test, and for each experimental condition >100 cells were scored at a magnification of 100. To assess the effects of the scrape-loading technique on cell growth, cells were scraped in the presence or absence of the aequorin stock solution and then replated. 1, 2, and 3 d later, cultures were collected by incubation with 0.25% trypsin (Gibeo, Grand Island, NY), and total cell number was determined on a Coulter counter (model ZBI; Coulter Electronics, Inc., Hialeah, FL).
Cell shape changes, orientation, and displacement were measured by time-lapse photomicroscopy. The same field of view was identified by scratch marks made on the glass coverslips. To assess cell shape changes, the cells were scored as being either flat or spindle-shaped before and after each experiment. The asymmetry index (32, 47) was used to determine preferential orientation of the spindle-shaped cells. A blind scoring system minimized measuring bias.
Photomicrographic images of the same field of view were taken every 10 min for up to 1 h, and the position of each cell nucleus was recorded for each time interval. The total displacement of each cell was summed and divided by the time period to calculate the average speed of the population. The method to determine directional migration was based on the one used by Erickson and Nuccitelli (15) . Briefly, a line was drawn from the origin to the final position of each cell nucleus in the time period. The net displacement and the cosine of the angle formed between this line, and the direction of the electric field (an arbitrary baseline in the case of control conditions) were measured. The net displacement was multiplied by the directional cosine to yield a vectorial displacement. The sum of the vectorial displacements divided by the total number of motile cells scored gives an indication of preferential cell displacement along the field direction.
Chemicals
Normal PBS (137 mM NaCI, 9.6 mM Na2HPO4, 0.5 mM MgCI2, 2.6 mM KCI, 1.5 KH2PO4, and 0.9 mM CaCI2 at pH 7.4) or normal balanced salt solution (125 mM NaC1, 5 mM KCI, 3.8 mM CaC12, 2.5 mM MgCI2, and 5 mM Tris at pH 7.4) were used as the medium for most experiments. Calcium-depleted PBS was prepared with no added calcium and supplemented with 0.5 mM EGTA and 2 mM MgCI2. Modified balanced salt solution to hyperpolarize the plasma membrane (14) 
Fluorescence Microscopy
Rhodamine-phalloidin (Molecular Probes Inc., Junction City, OR) was used to label cytoskeletal stress fibers (46) . Cells were fixed in 3.7 % formaldehyde diluted in PBS for 10 min and then rinsed three times in PBS. Triton X-100 diluted in PBS (0.5% [vol/voll) was used to permeate the membrane for 5 min, followed by another 5-min rinse in PBS. 10 ~ti (33 ng) of the rhodamine-phalloidin stock solution was dissolved in 200 Ixl PBS and used per coverslip. After labeling (20 min, 22°C), the coverslips were washed in PBS, mounted in a l:l solution of PBS and glycerol, and observed with an Olympus BTU fluorescence microscope using a 40x UVFL objective. Cells exhibiting well-defined stress fibers with organized arrays spanning across the cell body were scored as "distinct; and those with diffuse patterns were scored as "disrupted." Blind scoring was used to minimize measuring bias.
Chemoluminescence Measurements
The initial batch of aequorin was a gift from Dr. Franklyn G. Prendergast (Mayo Clinic, Rochester, MN) and additional batches were later purchased from Dr. John R. Blinks (Mayo Clinic, Rochester, MN). It was obtained as protein lyophilized from a 1-mg/ml calcium-free buffered solution (150 mM KC1, 5 mM Hepes, pH 7.45) and reconstituted in deionized distilled water containing 10 pM EGTA. All plasticware coming into contact with the protein was sterilized and soaked overnight in sterile 10-mM EGTA solution, then thoroughly rinsed with sterile calcium-free buffered saline (120 mM NaC1, 3 mM Hepes, 0.5 mM EGTA, pH 7.0).
Cells were grown to near confluency in 100-mm culture dishes (,'o700,000 cells/dish), and aequorin was incorporated by using the scrape-loading technique (26) . Briefly, the culture medium was aspirated and the cells were rinsed three times in sterile calcium-free buffered saline at 37°C. The final rinse was removed and 250 Ixl of the aequorin stock solution (37°C) was added. A sterile rubber policeman was then used to gently scrape the cells, and 2-5 min were allowed to elapse before complete culture medium was added. The scraped cells from one 100-mm culture dish were replated into three 100-mm culture dishes, each containing five acid-washed sterilized glass coverslips (22 × 30 ram) attached to the bottom. The coverslips were taken 18-24 h after plating, at which time the cultures were at a subconfluent stage.
The coverslip containing the cells was sealed cell-side down with vacuum grease onto a 10 × 30 × l-mm perfusion trough. Various chemicals were presented to the cells through plastic tubing connected to a syringe at a rate of"~0.25 ml/s. A 10 x 40 × 0.1-mm trough was used for electric stimulation to maximize the photoemission area. At 10 V/cm, the current through the trough was ,'o5.0 mA.
Aequorin chemoluminescence measurements (6) were made by placing the apparatus over the housing of a photomultiplier tube and positioning a mirror directly over the coverslip. A low dark: current photomultiplier tube (model R1527; Hamamatsu Corp., Middlesex, NJ) was used to measure low intensity light at the photon counting mode. The setup was enclosed in a light-tight box and the photomultiplier tube was connected through an amplifier/discriminator to a photon counter (model 126; Pacific Instruments, Inc., Concord, CA). The measured luminosity (L) was converted to a free calcium concentration value by calculating the fractional luminescence (L/Lm~x) and using the calibration curve of Allen and Blinks (3). The L~x value for each population of aequorin scrape-loaded cells was determined by perfusion with a solution of 2% Triton X-100 and 0.1 M CaCI2, 150 mM KC1, 5 mM Hepes, pH 7.0 (37°C). Since the time course of this L~ measurement is slower than when aequorin is suddenly mixed with a saturating free calcium concentration in vitro, a time constant of 0.8 s was used to calculate the peak light intensity (3).
Results

Cell Shape Changes, Preferential Alignment, and Displacement
In an applied electric field (10 V/cm), the cell side facing the cathode exhibited protrusive activity, and many cells showed a displacment of ~l-cell width toward the cathode during a 60-min period. The percentage of spindle-shaped cells increased and these cells preferentially aligned with their long axes perpendicular to the electric field (Fig. 1, a and b) . At progressively lower field strengths, this response became less evident, and at 1 V/cm for up to 2 h, no significant morphological changes were observed (Fig. 2, a and b) . The increase of spindle-shaped cells and preferential orientation was quantitated and presented in our previous works (32, 47), and similar results were reported by others using different cell types (12, 15, 16, 21, 25, 31, 40) . The field-induced cell shape changes, alignment, and positional shifts were not caused by the electroosmotic flow of medium (as shown by perfusion experiments).
The field-induced response is believed to involve calcium flux across the plasma membrane. Electric stimulation in the presence of the calcium channel blocker D-600 blocked the cell shape changes and preferential alignment (Fig. 1, c and  d ) in a manner similar to that observed in calcium-depleted buffer or in buffer containing the calcium antagonist lanthanum chloride (32) . In media containing D-600, the average speed and the percentage of mobile cells were reduced. Electric stimulation (10 V/cm) under these conditions produced no change in cell mobility with no preferential directional displacement (Table I) . Similar responses were observed in the presence of the calmodulin antagonist trifluoperazine, with the average speed of the cells being slightly higher than with D-600 (Table I) .
Stress Fiber Disruption
In a normal sparsely populated culture of C3H/10TI/2 fibroblasts, 'x,85 % of the cells exhibit an organized network of actin-containing stress fibers spanning across the cell body (Fig. 3 a) . Cells incubated with A23187 for 30 min in normal buffer lose the organized stress fiber pattern (Fig. 3 b) . Electrical stimulation (10 V/cm, 30 min) also results in a disruption of the cytoskeletal network (Fig. 3 c) , and the threshold for this response seems to start from 1 V/cm (Table II) . Cells stimulated for up to 2 h at 1 V/cm are indistinguishable from controls (cells labeled immediately after being taken out of the culture medium or after being incubated for up to 2 h).
Electric stimulation (10 V/cm, 30 min) in calcium-de- pleted buffer, or in buffer containing D-600 or cobalt chloride, resulted in a reduction of the field-induced stress fiber disruption (Table III ; Fig. 3 d) . Incubation with trifluoperazine (30 min, 22°C) caused a slight disorganization of the stress fiber pattern, but in conjunction with the electric stimulation, the anticalmodulin drug also reduced the field-induced disruption. The electric field-induced disruption in the presence of A23187 is similar to that in the absence of the ionophore (Table III) . When calcium-depleted buffer or buffer containing cobalt chloride or trifluoperazine was used, the stress fiber disruption caused by the ionophore alone or in conjunction with electric stimulation was not observed. D-600 was not able to inhibit the disruption in ionophoretreated cells. C3H/10T1/2 fibroblasts preincubated with cytochalasin D exhibited a fragmented stress fiber pattern, and many cells 
IntraceUular Free Calcium Measurements
Since the scrape-loading procedure (26) is somewhat harsh (only ~50% of the cells survive immediately after being scraped), the growth of replated scraped populations was measured and compared with cell populations replated by the standard trypsinizauon procedure. Over a 3-d period, the two populations of cells showed similar growth curves (results not shown). Therefore, the scrape-loading technique had no apparent adverse effects on the subsequent growth of the surviving cells. Various electric field strengths were applied and the resulting chemoluminescence was measured. Within the limits of instrument sensitivity, significant increases of chemoluminescence were observed only at field strengths >1 V/cm (Fig.  4 a) . At 3 V/cm, the intracellular free calcium level increases to 1.8 + 0.1 ~Vl and at 10 V/cm it increases to 4.3 + 0.2 l~M with a response time of ~4 s. Electric stimulation (10 V/cm) in the presence of cobalt chloride or in calcium-depleted buffer does not result in a significant increase of the aequorin signal (Fig. 4 b) . In the presence of D-600, however, there is a slight increase during stimulation. Therefore, it seems the field-induced increase in intracellular free calcium is not mediated solely by the D-600-binding calcium channels.
When cells are perfused with 4 ~tM A23187, the intracellular calcium concentration increases transiently to ~10 gM. This increase is significantly reduced when the ionophore is perfused in combination with 10 mM cobalt chloride but not with 1 IxM D-600 (results not shown). Thus it seems cobalt chloride can block the ionophore whereas D-600 is selective for the calcium channel. 
D i s c u s s i o n
Hinkle et al. (21) first observed field-induced cell shape changes and perpendicular alignment using embryonic frog myoblasts. Several other investigators have reported this phenomenon as well as cathode-directed cell migration in frog (12, 40) and quail (15) neural crest cells, embryonic quail (15) and mouse (47) fibroblasts, embryonic frog epithelial cells (25) , and embryonic rat osteoblasts (16) . The threshold for field-induced shape changes and perpendicular alignment in embryonic quail fibroblasts was measured at ,~1 V/cm (15) , and this value corresponded to our finding. Our threshold for field-induced disruption of the normal stress fiber organization also started at ~ol V/cm and therefore these two observations could be related. Luther et al. used fluorescently labeled antiactin and reported that in electrically stimulated epithelial cells, the stress fibers became oriented perpendicular to the field, and a band of actin became associated with the lamellae at the cathodal edge and at the ends of the cell (25). Since we can only observe filamentous actin by phalloidin staining, we were not able to observe monomeric actin. Our studies also did not detect any reorientation of stress fibers with respect to the electric field. Extracellular calcium is required for cell shape changes and movement (18, 27, 28) , and antagonists that block calcium flux across the plasma membrane also inhibit cell motility (39) . Several researchers have shown that calcium plays a role in field-directed cell shape changes and movement. Migration of ameboid cells toward the cathode was related to the elevated calcium concentration in their tail regions (42). The anode-directed pseudopodial protrusion of macrophages showed a calcium dependence and a lanthanum sensitivity (33) . Fish epidermal cell migration toward the cathode was inhibited by calcium antagonists and channel blockers (13, 14) . Electric field-induced cell-shape changes and preferential alignment of embryonic mouse fibroblasts were suppressed by reducing calcium influx (32) . Based on the thesis that calcium plays a pivotal role in cellular responses to an external electric field, we correlate our morphological findings with measurements of intracellular free calcium. Fig. 5 graphs the field-induced changes in cell shape and stress fiber organization as functions of fieldinduced increases in intracellular calcium levels. In this graph the percentage of spindle-shaped cells, asymmetry index, and percent stress fiber disruption data were obtained from electric stimulation experiments using field strengths of 1, 3, and 5 V/cm for 1 h, and 10 V/cm for 30 min (trypan blue exclusion tests indicated significant decreases in viability for 10 V/cm at durations longer than 30 min). Since the amount of aequorin inside each cell is limited and the chemoluminescence induced by calcium binding is irreversible (6) , longterm measurement of intracellular free calcium cannot be made by this method. We made the assumption that the initial field-induced intracellular free calcium concentrations measured by aequorin chemoluminescence remained at that level throughout the duration of electric stimulation. The value of 0.2 ~tM was used for the concentration of cytosolic free calcium in unstimulated cells, a value at the threshold of our measuring system. Other investigators have measured the resting level of intracellular free calcium in fibroblasts using aequorin, and their results ranged from ~u0.1 (26) to •0.3 ~tM (11).
From Fig. 5 we see that as the field-induced increases in intracellular free calcium rises to the micromolar range, there is a corresponding increase in the percentage of cells with disrupted stress fiber pattern. The percentage of spindle-shaped cells also increases, and these cells are preferentially aligned perpendicular to the electric field.
How does intracellular free calcium modulate cell shape and movement? A 10-V/cm field across a 20-~tm-wide cell will result in an ~15-mV drop across the membrane on each side, with a negligible field gradient across the cytoplasm (35) . The depolarization on the cathode-facing side may activate voltage-sensitive calcium channels, thus leading to a localized influx of calcium down its concentration gradient. Mittal and Bereiter-Hahn (27) have shown that ionophoretreated epithelial cells in calcium-depleted medium exhibited an enlargement of the leading lamella and directed movement toward a calcium-releasing micropipette. Thus, localized entry of calcium can lead to cell movement as postulated (13, 47) .
Actin filament structures and the actomyosin contractile system are two calcium-regulated factors that contribute to cell shape changes and movement (8) . In micromolar levels of free calcium, the activities of such nonmuscle actinbinding proteins as ct-actinin, vinculin, and gelsolin would result in solation of actin filament structures (45) . Thus, the electric field-induced increase of cytosolic free calcium to the micromolar range can account for the field-induced disruption of stress fiber pattern. In nonmuscle cells, the ac-
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SubstrOte Figure 6 . Proposed mechanism for field-directed cell movement. Cross section through a fibroblast in an external electric field. Cross-hatchings represent the cortical actin meshwork. The membrane which encloses the largest span of cytoplasm along the field direction and which is also normal to the field (denoted by a) will experience the greatest depolarization of its membrane potential. The area marked b will also experience membrane depolarization but to a lesser degree. Calcium influx at these sites will cause depolymerization of the actin cortical meshwork (dots). Myosin is located in the cell body region, so at area b calcium will also activate the actomyosin system (bars). Contraction of the actin cortical meshwork at b will increase hydrostatic pressure, and solation of the actin filaments at a will increase osmotic pressure. Either one or possibly both of these forces can account for the swelling at a due to weakening of its actin cortical meshwork. As the leading edge protrudes forward, new attachment sites are made. The activated actomyosin system at b will also pull the cell forward, and the increased tension will cause retraction on the side of the cell facing the anode. tomyosin contractile system is regulated by calcium through calmodulin activation of myosin light chain kinase (2) . Our studies have shown that anticalmodulin drugs inhibit fieldinduced cell shape changes and perpendicular alignment (32) , and reduce cell movement. It seems that the actomyosin contractile system is regulated by field-induced influx of calcium through calmodulin, and that contractile forces are also necessary for cell movement and shape changes (9) .
We propose the following model to explain the observed field-induced responses. Since calcium readily binds to intracellular cytoplasmic components, the field-induced entry of calcium into the cytosol through the activated calcium channels will be limited to certain areas of the cell (10) . At the edge of the leading lamella facing the cathode (a in Fig.  6 ), calcium entry will result in solation of the cortical actin meshwork. The leading lamella will swell, either because of (a) osmotic pressure (34) or (b) hydrostatic pressure produced by the cortical actin network at the cell body (5). It will then protrude forward and form new attachment sites (41) . The transition area (b in Fig. 6 ) between the leading lamella facing the cathode and the cell body is another area which will experience field-induced local calcium entry. Since myosin was found to be generally located in the cell body region (20) , calcium entry here will activate the actomyosin contractile system, thereby pulling the cell forward as well as providing the contractile forces necessary for the hydrostatic pressure mentioned above. The increased tension will cause retraction at the anode-facing side (see Fig. 6 ).
Our findings suggest that field-directed cell shape changes and alignment are determined by an increase of intracellular free calcium to micromolar levels. The calcium gradient developed by the field-induced influx is believed to influence cytoskeletal reorganization and thereby mediate cathodedirected cell displacement. In C3H/10T1/2 fibroblasts, the threshold for field-induced effects is 1 V/cm. It is interesting to note that when wounds were produced in guinea pig skin, a lateral voltage gradient (gradient parallel to the skin) of >1 V/cm was measured near the wound site (4). Since fibroblasts play an active role in wound repair (17) , an electric field gradient can be one of the factors involved in the healing process.
